We report bulk metallic glasses with critical diameter ͑D c ͒ in the 20-27 mm range over a relatively wide composition range in the Mg-Cu-Ag-Gd quaternary system. Such an extraordinary glass-forming ability is correlated with the relatively strong liquid behavior of these alloys in terms of Angell's ͓Science 267, 1924 ͑1995͔͒ fragility concept. The relaxation time of the ternary Mg 61 Cu 28 Gd 11 and quaternary Mg 59.5 Cu 22.9 Ag 6.6 Gd 11 alloys was measured. In terms of the fragility parameter D * , the Mg 59.5 Cu 22.9 Ag 6.6 Gd 11 alloy with a critical diameter of 27 mm under copper mold casting has a D * of 25, higher than all the bulk metallic glass-forming alloys reported so far. The implications of these findings are discussed.
I. INTRODUCTION
Numerous new alloys that form bulk metallic glasses ͑BMGs͒ have been discovered over the past decade. 1, 2 Among them, Mg-based BMGs are particularly interesting due not only to their high specific strength and low cost but also to their extraordinary glass-forming ability ͑GFA͒. [3] [4] [5] [6] Recently, Mg-Cu-Ag-Gd BMGs with critical diameter ͑D c ͒ as large as 25 mm have been developed, 4 via the simple processing route of copper mold casting. These BMG formers exhibit high thermal stability in the supercooled liquid state. This provides an operative window to study the thermophysical properties of undercooled alloy melts. It has been revealed that some BMG-former liquids exhibit a feature of strong liquids in the framework of the fragility concept, 7 which is a classification scheme to describe the different temperature dependences of viscosity. The temperature dependence of viscosity can be described by a VogelFulcher-Tamman ͑VFT͒-type relation. 8 Assuming Maxwell relaxation, the structural ͑␣-͒ relaxation time of a glassy alloy is proportional to its viscosity. Therefore, can also be described by a VFT-type relation and compared in the context of the fragility concept, as shown in Ni-Nb-based and Zr-based BMGs. 9 As such, the calorimetric glass transition temperature T g can be used indirectly to characterize the fragility of BMG-forming alloys. 10, 11 In other words, the heating-rate dependence of T g describes the fragility equally well as complementary viscosity measurements. In the following, a group of Mg-Cu-Gd-based BMGs with high GFA is developed. We first demonstrate that such excellent BMG formers can be found at a number of compositions in this system. To explain the high GFA and compare with previous BMGs, we have determined the fragility parameters for the glass-forming liquids by analyzing the relaxation time based on the VFT equation.
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II. EXPERIMENTAL PROCEDURES
For making the alloys, elemental pieces ͑Ͼ99.9 wt % purity͒ were used as starting materials. Cu ͑or Cu-Ag͒-Gd intermediate alloys were prepared by arc melting under a Ti-gettered argon atmosphere in a water-cooled copper crucible. This alloy was then melted with Mg pieces by induction melting under an inert atmosphere in a graphite crucible to obtain a master alloy with the nominal composition ͑in atomic percentage͒. The master alloy obtained as such was remelted in a graphite tube for several times to ensure compositional homogeneity and cast in a purified inert atmosphere into the copper mold in a tilting furnace. To ensure that the alloy reached the desired composition, an excessive amount of Mg element, about 5 wt % of the nominal composition, was used in the starting materials to produce the required Mg content by taking into the evaporation of Mg during repeated melting. Chemical analysis of selected samples using inductively coupled plasma emission spectroscopy confirms the accurate control of the composition in the final alloy to within 0.5 at. % and very low levels of contamination ͑O Ͻ 53 ppm, H Ͻ 32 ppm, and N Ͻ 28 ppm͒. The carbon content in the final as-cast rods was determined to be less than 0.08 at. % by using chemical analysis. The effect of carbon as an impurity in the alloy on the GFA is negligible.
The cross-sectional surfaces of the as-cast rods were analyzed by x-ray diffraction ͑XRD͒ using a Rigaku D/max-2400 diffractometer with monochromated Cu K␣ radiation. The glass transition and crystallization of the glassy alloys were investigated in a Perkin-Elmer differential scanning calorimeter ͑DSC-diamond͒ under flowing purified argon. The samples were contained in graphite pans. A second run under identical conditions was used to determine the baseline after each run. To confirm the reproducibility of the experi- mental results, at least three samples have been measured for each composition. All measurements for the T g and onset temperature of crystallization T x were reproducible within the error of ±1 K. The real onset temperature of transition was corrected for instrumental shift by measuring the melting temperature of Zn standard sample with the heating rate from 5 to 160 K / min. The heat of crystallization ⌬H x for the glassy phase was determined by integrating the area under the DSC curve.
III. RESULTS AND DISCUSSION
Using the "three-dimensional ͑3D͒ pinpointing approach," 4, 5 it was found that Mg-͑Cu 1−x Ag x ͒ -Gd ͑x =0, 0.2, 0.225, 0.25, and 0.3͒ system exhibits an extraordinary GFA. Figure 1 displays a rather wide composition region of the BMGs with D c =20 mm in Mg-͑Cu 1−x Ag x ͒ -Gd 3D compositional space. This is in contrast to most alloy systems, in which no such large D c has been found or at best, a couple of compositions can reach a D c of 20 mm. 2 The best BMG-forming composition is located at Mg 59.5 Cu 22.9 Ag 6.6 Gd 11 , with D c of 27 mm under copper mold casting. Several examples of Mg-Cu-Ag-Gd BMGs with D c ജ 25 mm are shown using x-ray diffraction patterns in Fig. 2 . For comparison, the best glass former in the lowerorder ͑ternary͒ system, Mg 61 Cu 28 Gd 11 with D c of 12 mm, is also included. 6 These patterns, taken from the cross-sectional surfaces, clearly indicate that the as-cast rods are all fully amorphous without any detectable crystalline phase. The DSC curves for the best BMG formers in the ternary and quaternary systems are shown in Fig. 3 . A clear endothermic event associated with glass transition is observed, together with sharp exothermic crystallization peaks. Some thermal properties measured from DSC curves, including the glass transition temperature T g , onset temperature of crystallization T x , span of supercooled liquid region ⌬T x ͑⌬T x = T x − T g ͒, and heat release of crystallization events ⌬H x are listed in Table I This indicates that it is not necessarily true that the alloy with the largest ⌬T x is the best BMG former. The melting curves of these alloys showed at least two events, indicating that they are at off-eutectic compositions. Note that with increasing Ag content, the melting temperature T m was reduced from 690 K for the ternary Mg 61 Cu 28 Gd 11 alloy ͑at Ag at % = 0͒ down to 679 K for the quaternary Mg 59.5 Cu 22.9 Ag 6.6 Gd 11 alloy ͑at Ag at % = 6.6͒. This indicates that Ag has the effect of stabilizing the liquid. Similar trend was also observed for the liquidus temperature T L . The T m , T L , and the calculated reduced glass transition temperature T rg ͑T rg = T g / T L ͒ values are included in Table I as well. The T rg parameter appears to be inadequate to justify the pronounced GFA changes between the two alloys.
A better understanding of the improved GFA can be achieved through a correlation with the fragility properties of the supercooled liquid from which the BMGs are obtained. The fragility provides a measure of the sensitivity of the structure of a liquid to temperature change, reflecting the dynamic behavior of the supercooled liquid, and can be thermodynamically quantified by the fragility parameter m ͑Refs. 
12-14͒ defined as
where ͑T͒ is a temperature-dependent relaxation time. It is important to monitor how this characteristic time scale, which is proportional to the viscosity, changes with temperature. Figure  4͑a͒ shows the DSC curves of Mg 59.5 Cu 22.9 Ag 6.6 Gd 11 BMG at different heating rates from 5 to 160 K / min. Both T g onset and T g end shift to higher temperatures with increasing heating rate, indicating the kinetic nature of glass transition. The method to determine the onset and end temperatures of glass transition of Mg 59.5 Cu 22.9 Ag 6.6 Gd 11 BMG at a heating rate of 20 K / min is shown in Fig. 4͑b͒ as a representative. T g onset and T g end were determined by the intersect method. T g onset was taken to be the intersection point of the baseline before transition and the maximum slope of heat flow ͑specific heat͒. T g end was the intersection point of the baseline after transition and the minimum slope of heat flow ͑specific heat͒. Structural relaxation can be calorimetrically observed in the temperature interval ⌬T g , 10 which is defined as the temperature range between the onset and the end of the endothermic DSC event that is associated with the glass transition. Also, the calorimetric glass transition region agrees with the temperature and time window in which the viscosity reaches its equilibrium value at the same heating rate. At a constant heating rate R, the average relaxation time ͑Ref. 10͒ can be obtained from
The onset of T g at the particular heating rate is used to approximate the temperature that corresponds to . 11 The temperature dependence of can be described by the VFT-type relation,
where D * is the fragility index and T 0 is the VFT temperature, which is defined as the temperature at which the barriers to flow would go to infinity. To determine D * and T 0 , the relaxation times as a function of temperature were determined using Eq. ͑2͒. These data were then fitted using Eq. ͑3͒, with D * and T 0 as the fitting parameters. 0 is the relaxation time in the limit of 1 / T → 0, and 0 ϰ N A h / V, where N A is Avogadro's constant, h is Planck's constant, and V is the molar volume of the alloy. 15 0 was determined before for Mg-Cu-Y ternary BMG, 11 which has a molar volume similar to ours. 0 can thus be treated as a constant in the VFT fits, 0 =4ϫ 10 −14 s. The best fits to the experimental data yield D * = 22.4 and T 0 = 256 K for the Mg 61 Cu 28 Gd 11 ternary and D * = 25 and T 0 = 249 K for the Mg 59.5 Cu 22.9 Ag 6.6 Gd 11 quaternary. The trend is that D * increases and T 0 decreases, i.e., the alloy shows "stronger" liquid behavior, with increasing number of components and complexity.
In this method, the temperature dependence of viscosity is derived indirectly from calorimetric measurement of the onset and end temperatures of the glass transition, measured at a broad set of heating rates. This is certainly a simpler method than the direct one of determining the fragility via parallel-plate rheology experiments, or via three-point bending tests. Furthermore, the values of fragility parameter D * obtained by this method for Mg 65 Cu 25 Y 10 and both Bebearing alloys ͑Vit1 and Vit4͒ are in excellent agreement with those obtained from the viscosity measurements ͑as seen in Table II͒.   10   TABLE I Fig. 5 , together with a number of typical glass-forming alloys with increasing GFA. For the BMGs included, D * values are listed in Table II together with the D c and R c ͑critical cooling rate for glass formation͒. D * is of the order of 2 for the most fragile liquids ͑pure metals͒ and increases to about 20 for the well-known excellent BMG formers such as Vit1, Vit4, and Vit106a. 19, 21, 22 Here, the relaxation time is plotted versus the onset of glass transition temperature T g * , which is defined as the onset of glass transition measured at 1 K / min. At this heating rate, the equilibrium viscosity at the onset of the corresponding T g is close to 10 12 Pa s. 10 The strongest glass formers, SiO 2 ͑with a high D * = 100͒, is also included as the limiting case, exhibiting Arrhenius-type ͑linearlike͒ temperature dependence of the relaxation time. From Fig. 5 , it can be seen that the Mg 59.5 Cu 22.9 Ag 6.6 Gd 11 alloy is a stronger liquid among all the metallic glass-forming alloys for which fragility data are available. In particular, our newly developed Mgbased alloys are comparable to or even stronger than the well-known excellent glass formers such as the Zr-based alloys bearing high contents of Be.
Alloys
D c ͑mm͒
In addition, from the values of D * and T 0 , the values of m at a particular T g can be calculated from
The m values for Mg 61 Cu 28 Gd 11 and Mg 59.5 Cu 22.9 Ag 6.6 Gd 11 calculated at a heating rate of 20 K / min are 38 and 37, respectively. Such m values are closer to the strong limit ͑m =16͒ than to the fragile limit ͑m Ͼ 100͒ ͑Ref. 23͒ and comparable to those for the BMGs with excellent GFA, such as Zr-based BMGs ͑m = 34-39, evaluated using the same procedure at the same heating rate͒.
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IV. CONCLUSIONS
We conclude by commenting on the implications of our findings. First, this new BMG development has implications for applications. The Mg-Cu-Ag-Gd system shows extraordinary GFA, leading not only to a D c as large as 27 mm ͑Fig. 2͒ at Mg 59.5 Cu 22.9 Ag 6.6 Gd 11 but also to considerable composition flexibility ͑Figs. 1 and 2͒. The large sizes and composition tolerance are important for practical applications because they provide the leeway necessary for reproducibility in industrial mass production. These are all-metal alloys based on an engineering metal Mg, and the processing requires neither fluxing 24, 25 nor significant additions of undesirable elements such as Be ͑Ref. 26͒ or expensive elements such as Pd. 27 These are obviously of importance in practical use.
Second, the high GFA in this system is noteworthy and this is a case that can be explained from the fragility perspective. These Mg-based alloys are among the strongest liquids known for BMG formers ͑Fig. 5͒. The low atomic mobility associated with a relaxation time that is comparatively long and weakly temperature dependent ͓Eq. ͑3͔͒ would kinetically suppress the crystallization. The stronger liquid would be relatively densely packed and possess a higher degree of short-range order, 28 naturally leading to a low entropy and enthalpy and, therefore, low thermodynamic driving force for crystallization. A superb GFA is an expected consequence of these properties. 
